Abstract: Polymorphic expressed sequence tag -simple sequence repeat (EST-SSR) markers derived from major cereal crops were used to assess the genetic diversity of the USDA temperate bamboo collection consisting of 92 accessions classified in 11 separate genera and 44 species. A total of 211 bands were detected with a mean number of alleles per locus of 8.440. Phylogenetic relationships were determined by calculating genetic distances between all pairwise combinations and assessing differences in character data. The resulting dendrograms (unweighted pair group method with arithmetic means (UPGMA) and parsimony) clustered the accessions into 2 main clades, which corresponded to accessions characterized morphologically as either clumping (sympodial) or running (monopodial) bamboos. The majority of the accessions clustered according to their current taxonomic classification. These markers were also beneficial in identifying contaminated and (or) misidentified plots. Overall, these transferred markers were informative in differentiating the various bamboo accessions and determining the level of genetic variation within and among species and genera.
Introduction
Bamboos have served mankind by providing food, shelter, and medicine from the cradle to the coffin (Kochhar et al. 1990) . Bamboo is an essential plant in many Eastern countries with a diverse array of functions, which have been extremely beneficial to human survival. One of the main uses of these plants is providing nourishment for cattle and man. For example, bamboo shoots are one of the largest produced vegetables with a harvest in excess of 358 000 metric tons in Taiwan (Fu et al. 2002) . Bamboo is also known to have medicinal properties. Asian countries, during ancient times, preserved food by wrapping it in the leaves. This process probably provided prolonged shelf life owing to antioxidant and antimicrobial components present in the leaves (Kweon et al. 2001) .
Bamboos, also known as woody grasses, are perennial grasses and are currently classified as a subfamily Bambusoideae within the extensive grass family Poaceae. The bamboo subfamily includes approximately 70 genera and 1200 species worldwide (Dajun and Shao-Jin 1987) . Classification of bamboo varieties is known to be difficult owing to its long unusual life cycle. Vegetative characters are used for classification, because in many bamboo species flowering is extremely rare with intervals between inflorescence lasting as long as 120 years or more (Friar and Kochert 1991) . Some species have never been known to flower (Janzen 1976; Friar and Kochert 1991 must rely solely on vegetative characters such as culm sheath and ligule for classification. The main difficulty in relying on vegetative characters for classification is that these characters are often environmentally influenced (Wu 1962) . Thus, many accessions of bamboo have been classified and subsequently reclassified in a separate genera or species.
There is limited information available on genetic diversity or population structure of bamboo germplasm. Additionally, the taxonomy and systematics of woody bamboos are incomplete when compared with other grasses (Friar and Kochert 1994) . Furthermore, published reports of the ploidy level and (or) the use of molecular markers in the various bamboo accessions are limited. Friar and Kochert (1994) studied genetic variation in 20 species classified in the genus Phyllostachys by using RFLPs and found that these markers can be used for species identification. In another study, Loh et al. (2000) used amplified fragment length polymorphisms to examine polymorphism in 4 genera. Clearly, more research is required to understand the taxonomy, phylogenetic relationships, genetic diversity, and biology of a plant that is used worldwide. Therefore, the main objectives of this study are to (i) assess genetic diversity in a collection of bamboo, (ii) examine the molecular relationships between species and genera, and (iii) identify bamboo accessions that have questionable classification. This will be accomplished by utilizing expressed sequence tag -simple sequence repeat (EST-SSR) markers derived from major cereal crops; and thus taking advantage of the synteny and collinearity of genes among members of the grass family, which have been found to be fairly well conserved (Bennetzen and Ramakrishna 2002; Salse et al. 2004; Yu et al. 2004 ).
Materials and methods
All bamboo samples were collected from the United States Department of Agriculture -Agricultural Research Station (USDA-ARS) germplasm collection, which is maintained by the Plant Genetic Resources Conservation Unit, in Byron, Georgia, USA. Taxonomic information on each of these samples can be found on the Germplasm Resource Information Network at http://www.ars-grin.gov/npgs/. These accessions are currently classified in 11 separate genera including 44 different species (Table 1) . There are 2 main types of bamboo: running (or monopodial) and clumping (or sympodial). The majority of the accessions that are maintained in this collection are characterized as monopodial.
DNA was extracted by using an EZNA ® Plant DNA kit from Omega Bio-Tek (Doraville, Georgia, USA). Then, the DNA was diluted to 10 ng/µL for PCR. Eight samples were chosen from the bamboo collection to screen the EST-SSR markers derived from maize, wheat, sorghum, and rice to find which markers produced well-resolved polymorphic bands. The samples used for the primer screen included PI 546939 (Phyllostachys aureosulcata), PI 73959 (Bambusa multiplex), Grif 13941 (Sinobambusa species), Grif 13942 (Sinobambusa species), PI 75161 (Arundinaria viridistriata), PI 75169 (Sasa palmata), Grif 13946 (Phyllostachys rubromarginata), and Grif 13943 (Sinobambusa species). All PCRs, program, and product separation on agarose gels were following the method described by Wang et al. (2005) . Strong clear bands on the gel images were scored as either present (1) or absent (0). The data was entered into a binary matrix for analysis. A similarity matrix was created by employing the Dice coefficient (Dice 1945) . Subsequently, an unweighted pair group method with arithmetic means (UPGMA) dendrogram was constructed based on the similarity matrix using the software program NTSYS-pc, version 2.02 (Rohlf 1992) . PAUP* version 4.0b10 (Swofford 1993 ) was used to construct a parsimony dendrogram and to perform bootstrapping.
Results and discussion
Twenty-five EST-SSR markers derived from maize, wheat, sorghum, and rice generated polymorphic amplicons that were utilized to assess genetic diversity in the bamboo population. The number of alleles produced from each marker ranged from 3 to 15 (Table 2 ). The mean number of alleles produced per locus was 8.440. The number of alleles produced by sorghum, rice, and wheat markers was 69, 67, and 62, respectively. The maize EST-SSR markers were the least successful in amplifying fragments in bamboo. Only 2 markers were successful, and a total of 13 alleles were produced from these 2 markers. Differential transfer rates from major grass species to minor grass species could be partly related to the primer design (Wang et al. 2005) . The maize primers were on average 2-mer longer than primers from other species. A longer primer needs a higher stringency for a specific amplification. The differences observed in the transferability of these markers to bamboo could also be explained by the level of conservation in synteny and collinearity of these genes and the genetic relatedness of bamboo to these species from which the markers were derived. It is also possible that the conserved flanking sequence to which the primer binds has evolved significantly and was so diverged that primers were unable to anneal to the intended sites.
Inter-and intra-specific variation
Genetic distances were calculated between all pairwise combinations. These genetic distances illustrate that there were low levels of variation among accessions of the same species. For instance, the average distance among accessions classified as Phyllostachys rubromarginata was 0.12. The mean distance between individuals of the same species was 0.18. Therefore, this population had low levels of intraspecific variation. In 1994, Friar and Kochert also reported that there was ample variability between Phyllostachys "species" but less variability was obtained within a species, which is consistent with this data. As expected, genetic distance increased when comparing accessions classified as different species and (or) genera. various species distinctions of the current bamboo taxonomy. Genetic distances between genera were large in comparison with distances between species. The average distance between accessions classified in the genus Phyllostachys (running bamboos) compared with accessions classified in the genus Bambusa (clumping bamboos) was 0.79. The average distance between the genus Hibanobambusa (running) and Bambusa (clumping) was 0.82. These results demonstrated that there was a large amount of variation between running and clumping bamboos, which could be easily distinguished by observing these molecular markers.
Phylogenetic analysis NTSYS-pc version 2.02 was utilized to construct a UPGMA dendrogram. The dendrogram split the bamboo accessions into 2 main clades: clumping and running bamboos (data not shown). The smallest of the clades consisted of 7 bamboo accessions that are sympodial (clumping) bamboos. 1 . Dendrogram of bamboos using parsimony. Bootstrapping was performed with 1000 replicates. Values greater than 50% were placed on the branches. Each sample is labeled with a Grif or PI identifying number along with genus species classification. An arrow denotes PI 77000, which was determined to be a contaminated plot.
These accessions are all classified in the genus Bambusa, which is characterized as shrub-like and has thick shortened rhizomes (Dajun and Shen-Jin 1987) . The other clade consisted of the remaining 85 bamboo accessions, which are all characterized as monopodial (running) bamboos. Even though bamboo taxonomy is known to be difficult owing to long intervals between flowering, in general, this molecular data clustered accessions in agreement with the current taxonomy. For example, all 7 accessions of Phyllostachys nigra clustered together and were 65% similar to one another. The 11 accessions classified as Phyllostachys bambusoides clustered together. Another example shows that all of the accessions classified in the genus Shibataea clustered together, and these accessions are all known to be dwarfing bamboos. Generally, in this population, multiple accessions that classified as the same species clustered together.
To ensure the phylogenetic relationships among bamboo accessions in the UPGMA dendrogram (based on Dice similarity coefficient) were robust, the EST-SSR data were analyzed with PAUP* (Swofford 1993) to generate a parsimony dendrogram (Fig. 1) . Bootstrapping was performed on the data set with 1000 replicates. This allowed a comparison between a distance-based method (UPGMA) and a characterbased method (parsimony) for the generation of a phylogeny and the interpretation of the genetic relationships between bamboo accessions. The overall topology of the parsimony dendrogram was analogous to the UPGMA dendrogram. Two main clades were obtained consisting of the clumping and the running bamboos. Both of these clades had significant bootstrap support; though, the branch supporting the clumping bamboo clade was highly supported at 99%. The clade with all of the running bamboos was supported with 51% of bootstrap replications. The relationships between clusters within the running bamboo clade are not well resolved owing to short branch lengths and low bootstrap support between clusters.
Once again, the majority of the accessions clustered according to taxonomic classification as in the previous UPGMA dendrogram and many accessions within a cluster had high bootstrap support. All of the accessions of Phyllostachys purpurata clustered together. Three of the 4 accessions of P. rubromarginata clustered together and were supported at 86% of bootstrap replicates. All of the P. bambusoides accessions clustered together. Overall, the clustering pattern among accessions of the same species is comparable in both dendrograms. The parsimony and UPGMA dendrograms produced from the EST-SSR data, which has led to a deeper understanding of the relationships of bamboo taxa, are approaches with different assumptions. However, the results complement one another and provide a robust analysis.
Contaminated plots
One of the exceptions of the taxonomy not being in agreement with the dendrogram is P. rubromarginata (PI 77000), which did not cluster with the other accessions classified as P. rubromarginata. This accession clustered with Phyllostachys flexuosa (PI 52686) and was supported by 53% of bootstrap replicates (Fig. 1) . Upon closer examination of PI 77000, it was determined that the plot was contaminated with another bamboo, owing to the observation that some of the young culms in this plot were covered with a white powder, which is not a characteristic of P. rubromarginata (Fig. 2) . Additionally, the leaves and nodal ridges of the young culms in this plot were dissimilar. All the bamboo plots in Byron, Georgia, are surrounded by concrete; however, over time the concrete can crack, and the bamboo in a plot can start spreading by sending out runners. In the field, P. flexuosa and P. rubromarginata are directly next to one another suggesting that the contaminating bamboo may be P. flexuosa. Both P. flexuosa and Phyllostachys glauca are characterized as having a thin layer of white powder on the culm internodes (McClure 1957) . Since the contaminating bamboo is not currently flowering, vegetative characters can only be used to hypothesize how to classify this contaminant.
Molecular markers are time-consuming and expensive to develop. In this study, we have exploited synteny in the grass family by utilizing markers that were developed in maize, wheat, sorghum, and rice on a collection of bamboo. These transfer EST-SSR markers were successful in differentiating the various bamboo accessions and determining the level of genetic variation within and between species and genera. The majority of the accessions grouped in a manner that was consistent with their taxonomic classification. A few exceptions were identified; and when the field plots were examined, it was found that these plots were contaminated with bamboo from a neighboring plot. Since these markers positively identified contamination in bamboo plots, they, therefore, provide an extremely useful tool for germplasm curation. Even though bamboo taxonomy is known to be fairly difficult owing to the long periods between flowering, this study demonstrates that the morphological characters used to classify these bamboos are essentially consistent with the phylogeny produced from molecular-marker data.
